The ␣6␤4 integrin associates with syndecans and, via an unknown mechanism, with receptor tyrosine kinases. Results: Syndecans-1 and -4 capture HER2 and EGFR, along with ␣3␤1 integrin, via docking sites in their ectodomains. Conclusion: Syndecans organize integrins and receptor tyrosine kinases into signaling complexes that stimulate epithelial invasion. Significance: Novel peptides (synstatins) are defined that block kinase capture and are potential cancer therapeutics.
The ␣6␤4 integrin is typically found in hemidesmosomes in resting epithelial cells where its extracellular domain engages laminin 332 (LN332, also known as laminin 5) 2 in the basement membrane, and its cytoplasmic domain engages scaffolding proteins, e.g. plectin, BP180, BP230, that link the ␤4 subunit to the keratin filament cytoskeleton inside the cell (1) . For this purpose, the ␤4 subunit is equipped with a cytoplasmic domain over 1,000 amino acids long (2, 3) comprised of two pairs of FNIII repeats spaced by a connecting segment, and a distal tail. Binding sites within the connecting segment and 3 rd FN III repeat provide docking sites for plectin, a central feature of the hemidesmosomes (4, 5) .
When growth factor receptors are activated during epithelial wounding or carcinogenesis, several serines in the connecting segment and C-terminal tail of the ␤4 subunit are targeted by PKC and other kinases that causes the dissociation of the integrin from plectin and breakdown of the hemidesosome (6 -8) . Following this phosphorylation, the free integrin associates with several kinases, including EGFR, HER2, or c-Met in the activated cells (9 -13) . This association appears critical for cell motility during morphogenesis, wound healing, or tumor invasion, as well as for sustaining survival signaling in tumor cells (14 -22) . Although it does not appear to do so directly, the kinase associated with the integrin causes tyrosine phosphorylation of the ␤4 cytoplasmic domain, thereby converting it into a signaling scaffold (9, 10, 23) . This phosphorylated scaffold provides docking sites for Shc, IRS-1/2, and other scaffolding proteins, leading ultimately to activation of PI-3K, Erk1/2, Src, Rho family GTPases, and other signaling cascades (14, 17, (23) (24) (25) (26) (27) (28) .
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prostate cancer model (30) , as well as reduced angiogenesis in multiple tumor types (29) . Analysis of these models shows that downstream signaling is severely diminished by this integrin mutant.
We have shown recently that another feature of the integrin cytoplasmic signaling domain is its ability to engage syndecans, a family of cell surface heparan-sulfate proteoglycans that serve as matrix receptors (2, 3) . This discovery implicated syndecans as central organizers of the ␣6␤4 integrin/growth factor receptor complexes. All four syndecan family members have been shown by yeast-two hybrid analysis to engage the cytoplasmic domain of the ␤4 integrin (3) . Recent work (2) has shown that syndecan-1 (Sdc1) engages arginine 1733 (Arg-1733) near the distal tip of the ␤4 integrin cytoplasmic domain. When the syndecan and integrin are engaged, HER2 is captured by the Sdc1coupled complex and undergoes autophosphorylation when the complex is clustered to sites of matrix engagement. Mutation of Arg-1733 prevents capture of the integrin by Sdc1, blocks HER2-dependent migration of the cells and prevents the growth and survival of HER2 ϩ SKBr3 carcinoma cells.
Syndecan-4 (Sdc4) is implicated in a similar mechanism (2) . It also binds the distal tip of the ␤4 integrin cytoplasmic domain, requiring glutamate 1729 (Glu-1729) in the integrin. This binding appears necessary for EGFR to activate ␤4 signaling. Mutation of the Sdc4 binding site prevents EGFR capture by the ␣6␤4 integrin and blocks EGF stimulated motility of HaCat keratinocytes and MCF10A breast epithelial cells. Thus, association of the syndecans with the integrin appears necessary for the functional coupling of the integrin and receptor tyrosine kinases. But how this occurs is not clear.
In this study, we examine how syndecan docking with the integrin leads to capture of HER2 or EGFR, and question why the capture is syndecan-specific. Our findings build on a paradigm first established several years ago when Sdc1 was shown to organize a different receptor complex, namely, the insulin-like growth factor-1 receptor (IGF-1R) associated with the ␣v␤3 or ␣v␤5 integrin (31) (32) (33) (34) . In this example, the association is mediated by a 28 amino acid site in the Sdc1 extracellular domain, which binds to both the integrin and IGF-1R and captures them into a functional complex. When captured and clustered by the syndecan to sites of matrix anchorage, IGF-1R undergoes autoactivation and initiates signaling downstream that activates the integrin. Lastly, a peptide based on the docking site in Sdc1 called "synstatin" (or SSTN), which we now call SSTN IGF-1R to denote its specificity for the IGF-1R kinase, blocks assembly of the receptor complex and disrupts IGF-1R activation.
With this paradigm in mind, we questioned whether the specificity for HER2 or EGFR docking with the ␣6␤4 integrin might also reside in the extracellular domains of Sdc1 and Sdc4, respectively. Whereas the syndecans have highly homologous transmembrane domains and have exactly conserved regions within their short cytoplasmic domains, their extracellular domains are highly divergent (35) . We find that sites in the extracellular domains of Sdc1 and Sdc4 are responsible for capturing HER2 and EGFR, respectively, along with the ␣3␤1 integrin. This ternary receptor complex docks with the ␣6␤4 integrin via its cytoplasmic link with the syndecan, leading to ␤4 phosphorylation and downstream signaling (2, 3). Peptides based on these sites (SSTN 210 -240 , with numbering based on the amino acid sequence of human Sdc1, and SSTN 87-131 based on human Sdc4) disrupt HER2 and EGFR-dependent motility, respectively. Last, we show by expressing recombinant HER2 and EGFR ectodomains that the binding of the syndecans to these receptor tyrosine kinases is direct. This defines a novel site in EGFR and HER2 that is necessary for their participation in adhesion signaling and cell survival, and defines potential therapeutic peptides to target this mechanism.
Experimental Procedures
Antibodies-Antibodies used were: mouse mAb 3E1 to the human ␤4 integrin extracellular domain (hybridoma facility, Memorial Sloan Kettering, New York); rabbit polyclonal antibody Ab1922 to the ␤4 cytoplasmic domain and P1B5 to the ␣3␤1 integrin (Millipore, Billerica, MA); anti-penta-histidine antibody (Qiagen, Valencia, CA); mouse mAb F94 -8G3 (kindly provided by Dr. Guido David, University of Leuven, Belgium) and B-A38 (Accurate Chemical & Scientific, Westbury, NY) against human Sdc4 and Sdc1, respectively. Mouse mAb anti-EGFR (528) and anti-EGFR extracellular domain (20E12), rabbit polyclonal anti-HER2/Neu (c-18) and mouse mAb anti-Her-2/Neu extracellular (c-3) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), were used against human EGFR and HER2. Goat anti-mouse IgG (HϩL) secondary was from Jackson Immuno Research (West Grove, PA).
Reagents-Dulbecco's modified Eagle's medium (DMEM), Schneider´s Drosophila Medium (Revised) (1ϫ) and Express Five SFM (1ϫ) were from Invitrogen (Life Technologies, Grand Island, NY); glutathione-conjugated Sepharose beads were from GEHealthcare; GammaBind G-Sepharose beads were from Amersham Biosciences; Nickel Agarose (for purification of His-tagged proteins) was from Gold Biotechnology (St. Louis, MO); heparinase II and chondroitin ABC lyase were from IBEX Pharmaceuticals, Inc. (Montreal, Canada) and Sigma, respectively. Human recombinant epidermal growth factor, thrombin and oleoyl-L-␣-lysophosphatidic acid sodium salts (LPA) were from Sigma. Human Sdc1 and Sdc4 extracellular-domain peptides were synthesized by LifeTein, LLC (Hillsborough, NJ).
Cell Culture-Human HaCat keratinocytes were cultured as described previously (3) . MCF10A human breast epithelial cells were cultured in DMEM F12 50/50, 15 mM Hepes, 5% horse serum, 10 g/ml insulin, 0.5 g/ml hydrocortisone, and 0.02 g/ml EGF (2) .
Fusion Protein Expression and Purification-Native or mutagenized human GST-syndecan-1 extracellular domain (GST-S1ED) and mouse GST-syndecan-4 extracellular domain (GST-S4ED) inserted into pGEX4T vector in BamHI (thrombin cleavage site)/Xhol site were expressed in E. coli and purified on glutathione-Sepharose beads following cell lysis in 150 mM NaCl, 20 mM sodium phosphate (pH 7.4), 1% Triton X-100 and 0.5% sodium deoxycholate.
Human HER2 extracellular domain, consisting of amino acids 1-654 and human EGFR extracellular domain, consisting of amino acids 1-646, were expressed as 6ϫHis-tagged recombinant proteins in S2 insect cells. The cDNAs were inserted into vector pMT containing puromycin-selection marker, with the insect signal peptide (sequence MKLCILLAVVAFVGLSLG at the N terminus and a 6ϫHis tag at C terminus, then transfected into S2 cells using transfection kit from Mirus (Madison, WI). The secreted proteins from conditioned medium were purified on nickel agarose.
Wound Healing Assay-HaCat or MCF10A cells were grown to confluence in 48 well-plates, and then were starved by serum deprivation for 8 h followed by scraping a wound in the monolayer with a 200 l pipette tip. Cells were cultured an additional 15 h in DMEM (serum-free) in the presence or absence of GSTfusion proteins or peptide inhibitors and containing either LPA (3 M), mAb 3E1 (10 g/ml), and goat anti-mouse IgG (30 g/ml) to cluster ␣6␤4 integrin and mimic matrix-stimulated chemokinesis, or EGF (10 ng/ml) to stimulate EGF chemokinesis as described previously (2) . Note that short sequences of S4ED appear to become masked by GST in the fusion proteins. Thus, all GST-S4ED fusion proteins used in Fig. 4 were pretreated with thrombin (2 units/mg) for 4 h at 4°C to remove the GST prior to use. Wounds were imaged using a PlanApo 20 (0.75 numerical aperture) objective and a Photometrics Cool-Snap ES camera on a Nikon Eclipse TE2000U microscope. Wound closure was quantified by using Metamorph.
Immunoprecipitation and Bead Capture Assays-Immunoprecipitations were carried out as described previously (3) . For bead capture assays, lysates of cells (lysed in 150 mM NaCl, 20 mM sodium phosphate (pH 7.4), 1% Triton X-100, and 0.5% sodium deoxycholate) or 6ϫ His-tagged HER2 or EGFR extracellular domains (2 M) were incubated at 4°C overnight with 100 l of glutathione-Sepharose 4B beads and GST-S4ED or GST-S1ED in the presence or absence of competing peptides. Samples were analyzed under reducing conditions on a 10% Laemmli electrophoresis gel, transferred to Immobilon P, and stained with primary antibody followed by alkaline phosphatase-conjugated secondary antibody. Immune-reactive bands were visualized using ECF reagent (GE Healthcare) and scanned using a Typhoon Trio Variable Mode Imager (GE-Healthcare).
Results
Our prior work has shown that epithelial cell motility in response to laminin 332 (matrix chemokinesis) or EGF (EGF chemokinesis) depends on coupling of ␣6␤4 integrin to HER2 and EGFR, respectively (2) . Also required is engagement of the cytoplasmic domain of the ␤4 integrin subunit by syndecans. Sdc1 engagement is necessary for HER2-dependent signaling, whereas Sdc4 engagement is necessary for signaling that depends on EGFR (2) .
To test the hypothesis that syndecan specificity in these two mechanisms may reflect a novel ability of HER2 or EGFR to engage "organizer" sites in the extracellular domains of specific syndecans, we tested whether or not recombinant Sdc1 or Sdc4 extracellular domains expressed as GST fusion proteins (e.g. GST-S1ED or GST-S4ED) could act as competitors of HER2-or EGFR-stimulated cell migration. MCF10A cells were stimulated to close a scratch wound by clustering the ␣6␤4 integrin with integrin-specific antibodies in the presence of LPA (Fig. 1,  A and B) , a method shown previously to mimic laminin-induced chemokinesis (matrix-chemokinesis) that depends on HER2 and Sdc1 (2) . S1ED nearly completely blocks wound closure when added at 1 M concentrations, with an IC 50 observed at 0.3-1 M (Figs. 1 and 2). The fusion protein has no effect on cell adhesion, which we have shown previously depends on the ␣3␤1 integrin engaging LN332 deposited by the cells (2) . In contrast to S1ED, GST-S4ED has no effect on this mechanism when added at 30 M, the maximum concentration tested.
In contrast to its lack of effect on matrix-chemokinesis involving HER2, S4ED used at 1 M does block migration stimulated by 20 ng/ml EGF (EGF chemokinesis) ( Fig. 1, A and C) , a process shown previously to depend on Sdc4, ␣6␤4, and ␣3␤1 integrins and EGFR (2) . S4ED displays an IC 50 of 0.3 M, similar to the inhibitory activity of S1ED during matrixchemokinesis. S1ED, although active against the HER2 mechanism, fails to disrupt EGF-chemokinesis when used at 30 M (Fig. 1, A and C) .
The ability of GST-S1ED to block cell motility implies that an active site highly specific for the HER2 mechanism exists within the Sdc1 extracellular domain. To identify this site, we expressed recombinant proteins representing overlapping thirds of the Sdc1 extracellular domain and discovered that the juxtamembrane third (GST-S1ED 175-249 ) retains the competitive 
FIGURE 1. Inhibition of HER2-and EGFR-dependent migration of MCF10A breast epithelial cells by recombinant Sdc1 and Sdc4 extracellular domains.
A, MCF10A cells migrate for 15 h following serum-starvation to close scratch wounds in response to artificial clustering of ␣6␤4 integrin with antibodies in the presence of LPA (cluster ␣6␤4), a mechanism that requires HER2, or in response to stimulation of EGFR with 20 ng/ml EGF. GST-S1ED or GST-S4ED are added to the culture medium throughout the assay at the concentrations shown. B, quantification of wound closure following stimulation with ␤4 integrin clustering antibodies ϩ LPA in the presence of a concentration range of GST-S1ED protein, or 30 M GST-S4ED. C, quantification of wound closure following stimulation with 20 ng/ml EGF in the presence of a concentration range of GST-S4ED protein, or 30 M GST-S1ED. ability ( Fig. 2A ). GST-S1ED 18 -194 , which lacks most of this region (note that amino acids 1-17 are the signal peptide), has reduced inhibitory activity, displaying an IC 50 of ϳ30 M. Note that S1ED 18 -194 also contains the distal organizer site (amino acids 93-120 in human Sdc1) described previously that captures the ␣v␤3 or ␣v␤5 integrin together with IGF-1R (see Fig.  3A ) (31, 32) . However, SSTN IGF-1R , the 28 amino acid peptide representing the distal capture site, displays no competitive activity when used at 30 M in the matrix chemokinesis assay (data not shown).
We then tested other fusion proteins bearing truncations within the putative active region to map the functional site ( Fig.  2, A and B ). All proteins that retain all of the amino acids between 210 and 240 within their sequence (e.g. 175-249, 200 -249, 210 -240) are highly effective, displaying IC 50 's of 0.1-0.3 M in the wound healing assay. Proteins that retain only a portion of the 210 -240 sequence (e.g. 175-235, 175-230, 220 -240) display competitive ability as well, but it is reduced. These findings suggest that the active site that regulates HER2 signaling resides between amino acids 210 -240 in human Sdc1.
Scanning for homology within this region of human Sdc1 across mammalian species reveals a number of conserved amino acids, e.g. DFTFeXSGENXAXXaXXPXXRNXXPXDX-Gat (Fig. 3A) . However, although conserved in primates and rodents, the sequence is not consistently maintained across all mammals, and shows significant deterioration across lower vertebrates. To evaluate which of these conserved amino acids are critical for activity, we turned to synthetic peptides as competitors in the wound healing assay (Fig. 3B ). The 31 amino acid peptide consisting of amino acids 210 -240 is highly competitive, displaying an IC 50 of 100 -300 nM. We call this inhibitory peptide synstatin 210 -240 (SSTN 210 -240 ) reflecting its derivation from a syndecan, its inhibitory activity, and its sequence numbering within the human Sdc1 extracellular domain. Truncation of the peptide at either end causes a 30 -100-fold loss of activity, indicating the importance of the N-terminal DFTF motif and the C-terminal QGAt/s motifs. Further truncation from the C terminus, removing the conserved PVD motif has no further effect on activity, suggesting that the conserved PVD is not involved in the HER2 mechanism. An alanine screen of internal conserved amino acids demonstrates that the SGENXA, aXXP and RN motifs also contribute to the activity, as their mutation reduces activity 10 -30-fold.
Next, we turned our attention to the active site in Sdc4. A juxtamembrane site consisting of amino acids 56 -109 (numbering not including the signal sequence, but 79 -132 from the 
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GST-S1ED220-249 A, schematic of human Sdc1 ectodomain depicting location of amino acids 210 -240 relative to previously described active site (amino acids 93-120) and transmembrane (TM) and cytoplasmic domain (CYTO). Sequence conservation is shown over a range of mammalian and other vertebrate species, with nonconserved amino acids shown in red. A putative homology sequence conserved in higher mammals is shown. B, peptides bearing truncations or alanine mutations of the putative mammalian homology sequence are tested in MCF10A cells migrating to close scratch wounds in response to clustering ␣6␤4 integrin. The estimated IC 50 is shown. start of translation) in mouse Sdc4 has been identified previously, initially by McFall and Rapraeger as a site that supported the attachment of fibroblasts and endothelial cells (e.g. a "cell binding domain") (36, 37) , and then more extensively by Whiteford and Couchman as a ligand for ␤1 integrin-mediated attachment of fibroblasts and leukocytes (38) . To determine whether or not the presence of this site is responsible for the inhibitory activity of GST-S4ED protein in the EGF-induced wound healing assay, we tested mouse GST fusion proteins containing all or parts of this sequence as potential inhibitors. We soon discovered that whereas the full-length mouse S4ED acts as an inhibitor when expressed as a fusion protein with GST (GST-mS4ED 24 -143 ), smaller lengths of the syndecan (e.g. GST-mS4ED 79 -132 ) appear to be inhibited, presumably by steric hindrance (Fig. 4A) . Thus, all of the constructs were pretreated with thrombin to remove the GST. Note that neither GST added alone, nor thrombin added alone, affects the assay. We find that GST-mS4ED 79 -132 is inhibitory, displaying an IC 50 of 300 nM, as is GST-S4ED 88 -132 , suggesting that amino acids 79 -87 are not part of the active site (Fig. 4, B and C) . Further truncations of this sequence from either end cause reduced activity but do not completely abolish activity, suggesting that multiple interaction sites likely exist within this sequence.
We next tested synthetic peptides based on a homologous site (amino acids 87-131) in the human sequence ( Fig. 5 ). Scanning for sequence homology reveals several groups of conserved amino acids across mammalian species ( 87 NXIPeXXX-XGXXvPtXXKXlXXNEViPKXXXPXeXXXDXSNKVSM) (Fig.  5A ). As noted previously (38) , several of these, namely, NxIP (87-90), NEV (109 -111), and SNXvXM (126 -131), are highly conserved across vertebrates, including zebrafish, whereas others are not, similar to the level of sequence conservation noted for the active site in Sdc1. Using either synthetic human peptides or mouse GST-fusion proteins to screen these motifs for inhibitory activity (Fig. 5B) , we find that the human peptide OCTOBER 23, 2015 • VOLUME 290 • NUMBER 43
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consisting of amino acids 87-131 retains full inhibitory activity, displaying an IC 50 of 0.1-0.3 M and qualifying it as a synstatin (SSTN 87-131 ). Alanine substitution of Ile 89 within its NXIP motif, an amino acid shown to be critical for other activities (38) , reduces activity 10-fold. Truncation of the C-terminal SN-KVSM motif in the mouse GST fusion protein (GST-mS4ED-79 -125) shows only a 3-fold reduction in activity (Fig. 4, A and  B) . However, we find in addition that alanine substitution of the vPt (30 -100-fold), KXl(10 -30-fold), NEV (3-fold), and IPKX (10 -30-fold) motifs reduce activity as well, suggesting that multiple interactions within this site are necessary for full activity.
Our prior work has shown HER2 and EGFR-dependent epithelial cell migration relies on the ␣3␤1 integrin and capture of ␣6␤4 integrin by either Sdc1 or Sdc4, respectively (2, 3) . We have shown that the syndecans capture the ␣6␤4 integrin via syndecan-specific sites in the ␤4 cytoplasmic domain. We now hypothesize that HER2 and EGFR are incorporated into these receptor complexes via their association with the juxtamembrane sites in the Sdc1 (HER2) or Sdc4 (EGFR) defined by the SSTN peptides. To test this, individual receptors were immunoprecipitated from either HaCat or MCF10A cells and probed for co-immunoprecipitation of either HER2 or EGFR (Fig. 6A ). HER2 is observed to co-precipitate with Sdc1, ␣6␤4, and ␣3␤1 integrin. It also precipitates with EGFR as the classical heterodimer known to exist on epithelial cells (39) . However, HER2 is not observed to precipitate with Sdc4 in either cell type. In contrast, EGFR is observed to co-precipitate with Sdc4, ␣6␤4, and ␣3␤1 integrins, as well as in the HER2-EGFR heterodimer. But little or no EGFR is observed to co-precipitate with Sdc1. These are difficult immunoprecipitations as they are all conducted in the same experiment rather than being optimized for each receptor.
Next, to specifically investigate the role of the syndecan extracellular capture sites in coupling receptors to the ␣6␤4 integrin, we immunoprecipitated the ␤4 integrin in the presence or absence of SSTN peptides and probed for co-precipitation of each of the other receptors. Confirming the finding in Fig. 6A , we find that Sdc1, Sdc4, ␣3␤1 integrin, HER2, and EGFR co-precipitate with the ␣6␤4 integrin ( Fig. 6B) . SSTN 210 -240 , representing the putative capture site in Sdc1, displaces all of HER2 and approximately half of the ␣3␤1 integrin (Fig. 6, B and C) . The peptide does not displace Sdc1, which is linked to the integrin via a cytoplasmic interaction (2), nor does it displace EGFR. These findings suggest that HER2 and ␣3␤1 integrin are linked to Sdc1 via its juxtamembrane binding site, which in turn links these receptors to ␣6␤4 integrin. In contrast, SSTN 87-131 , representing the active site in Sdc4, displaces all of EGFR and also displaces approximately half of the ␣3␤1 integrin (Fig. 6, B and C) , but fails to displace Sdc4 or HER2 (Fig. 6B ), suggesting that EGFR and ␣3␤1 integrin are linked to Sdc4, which in turn links them to ␣6␤4. Competition with SSTN 210 -240 and SSTN 87-131 together displaces nearly all of ␣3␤1 integrin from the ␤4 subunit ( Fig. 6C ), suggesting that the two portions of ␣3␤1 integrin displaced by either peptide alone are distinct and are associated with either Sdc1 or Sdc4.
To test this model using a different approach, we used the GST-S1ED or GST-S4ED fusion proteins to see if they can directly capture either HER2, EGFR, ␣3␤1 integrin, or ␣6␤4 integrin from cell lysates. S1ED captures HER2 and ␣3␤1 integrin, but not if the capture site at amino acids 210 -240 is deleted from the fusion protein (GST-S1ED⌬210 -240) (Fig.  7A ). As predicted, the syndecan extracellular domain does not capture ␣6␤4 integrin, which instead is captured via a cytoplasmic interaction with the syndecan. Capture of HER2 and ␣3␤1 integrin are significantly reduced by competition with SSTN 210 -240 . SSTN 214 -240 shows a significantly reduced ability to compete for HER2 capture, suggesting that the asp-phe-thrphe 213 motif that is lacking in this peptide is involved in the interaction with HER2. In contrast, SSTN 210 -236 is largely ineffective at competing for capture of the ␣3␤1 integrin, implicating the C-terminal gln-gly-ala-thr 240 motif in integrin capture.
In contrast to S1ED, S4ED captures EGFR and ␣3␤1 integrin, but fails to capture HER2 or the ␣6␤4 integrin (Fig. 7B) . Capture of both receptors is abolished if amino acids 87-131 are deleted (GST-S4ED⌬87-131). Capture of EGFR and ␣3␤1 integrin are competed by SSTN 87-131. No single mutation within this sequence abolishes capture of EGFR or ␣3␤1 integrin (data not shown), suggesting that their capture utilizes multiple interaction sites within the sequence. However, SSTN competition is minimized if several conserved sites are all converted to alanine (e.g. a triple alanine mutant (TAM) consisting of 89A, 99 -108A, and 125-131A) (Fig. 7B) .
These findings strongly suggest that HER2 and EGFR interact directly with Sdc1 and Sdc4, respectively. To test this using yet another approach, we elected to conduct capture assays using purified recombinant proteins (Fig. 8) . The extracellular domains of HER2 (HER2 ecto ) and EGFR (EGFR ecto ) were expressed as 6ϫHis-tagged proteins in insect cells, purified, and incubated overnight with recombinant GST-S1ED or GST-S4ED attached to glutathione beads. HER2 ecto is captured by S1ED and this is effectively blocked by SSTN 210 -240 (Fig. 8A) . EGFR is not captured by Sdc1. In contrast, EGFR ecto , and not HER2 ecto , is captured by S4ED and this capture is effectively blocked by SSTN 87-131 ( Fig. 8B ).
Discussion
These findings describe two novel mechanisms via which syndecans act as organizers at sites of cell-matrix adhesion to capture receptor tyrosine kinases and couple them to integrins to stimulate cell motility. This work extends a prior study in which Sdc1 and Sdc4 were shown to capture the ␣6␤4 integrin via cytoplasmic interactions with syndecan-specific sites at the extreme C terminus of the ␤4 subunit (2, 3) (see model in Fig. 9 ). Mutation of Arg-1733 in the integrin abolishes capture by Sdc1 and generates a dominant-negative integrin mutant that prevents HER2-mediated cell motility that depends on the ␣3␤1 integrin ( Fig. 9 ). The coupling of ␣6␤4 integrin to Sdc1 also appears necessary for HER2 ϩ breast carcinoma cell survival (2) .
Similarly, mutation of Glu-1729 in the ␤4 integrin cytoplasmic domain disrupts capture by Sdc4 and generates a dominant negative integrin mutant that blocks EGFR-stimulated cell motility involving the ␣3␤1 integrin (2) ( Fig. 9 ). Our present findings appear to explain the syndecan-specificity of these two mechanisms. HER2, but not EGFR, is captured along with the ␣3␤1 integrin via an extracellular binding site (amino acids plasmic domain of Sdc1 to the ␣6␤4 integrin. A peptide representing this juxtamembrane site, SSTN 210 -240 , competitively disrupts binding of HER2 and ␣3␤1 integrin to Sdc1 and blocks cell motility stimulated when LN332 is engaged by the syndecan or the ␣6␤4 integrin (matrix-chemokinesis) ( Fig. 9 ). In an analogous fashion, EGFR, but not HER2, is captured along with the ␣3␤1 integrin via an extracellular site in Sdc4, which in turn couples them via its cytoplasmic domain to the ␣6␤4 integrin ( Fig. 9 ). SSTN 87-131 , which mimics the extracellular site in Sdc4, disrupts the capture of EGFR and ␣3␤1 integrin by Sdc4 and blocks EGF stimulated cell motility ( Fig. 9 ). We have no evidence that these inhibitory peptides have any effect on the formation of HER2-EGFR heterodimers, EGFR-EGFR homodimers, or dimerization of HER2 or EGFR with other EGFR family members.
Amino acid conservation within the sequences from both Sdc1 and Sdc4 deteriorates significantly across vertebrate spe-A. cies. Nonetheless, several sets of conserved amino acids in the Sdc1 sequence can be discerned in higher mammals and appear to be necessary for full activity, as deletion or alanine mutation of these discrete sets within S1ED fusion proteins or peptides impair their ability to competitively block cell migration in wound healing assays. Deletion of asp-phe-thr-phe 213 at the N B.
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GST-S1ED Δ210-240 terminus of SSTN 210 -240 reduces activity by 30-fold and analysis of peptides lacking this sequence shows a reduced ability to compete for HER2 binding, suggesting that this motif interacts with HER2 ( Fig. 9A) . Similarly, deletion of gln-gly-ala-thr 240 at the C terminus reduces activity by 100-fold, and this deletion reduces the ability of peptides to compete with capture of the ␣3␤1 integrin, suggesting that this is a binding site for the ␣3␤1 integrin. But the overall interaction is likely more complex, as mutation of conserved amino acids elsewhere in the peptide affect its overall competitive ability as well. An exception is the pro-val-asp 236 sequence, which is highly conserved, but can be deleted without further loss of activity; this hints that these amino acids may have other functions and that this juxtamembrane region may be a multifunctional site. Indeed, other work in the Rapraeger laboratory 3 indicates that this same region serves to capture the ␣4␤1 integrin (VLA-4) and VEGFR2 on myeloma cells and vascular endothelial cells. This capture requires the region between amino acids 210 -236, with the C-terminal gln-gly-ala-thr 240 shown to be important in the HER2/␣3␤1 mechanism not required; in contrast, the pro-valasp 236 motif that is not necessary for capture of HER2 or ␣3␤1 integrin is required for the VLA-4/VEGFR2 mechanism. Prior work has also implicated the ala-val-val-ala-val 225 motif within this sequence as an inhibitory rather than stimulatory sequence during the invasion of type I collagen gels by human ARH-77 myeloma cells, although the receptors involved in this mechanism were not identified (40) . The binding site in Sdc4 also appears to be a multifunctional site. It corresponds to a so-called "cell binding domain" originally identified by using the Sdc4 extracellular domain as an artificial substratum for the attachment of NIH 3T3, dermal, and Swiss3T3 fibroblasts, as well as aortic endothelial cells by McFall and Rapraeger, although its binding partners on the cell were not identified (36, 37) . This motif was characterized more extensively by Whiteford and Couchman, who demonstrated that it functions as an artificial cell binding domain for the ␤1-integrin-mediated adhesion of fibroblasts and leukocytes but not for epithelial cells (38) , contrasting starkly with the epithelial role described here. Its binding partners again remained obscure, but seem unlikely to involve EGFR, ␣3␤1, or ␣6␤4 integrin given the cell types involved.
This site contains multiple sets of amino acids conserved across vertebrate species to zebrafish, namely, asn-x-iso-pro 90 , asn-asp-val 111 , and ser-asn-x-val-x-met 131. Their deletion or mutation to alanine in S4ED or peptides used as competitors shows that asn-x-iso-pro 90 and ser-asn-x-val-x-met 131 have a role in this mechanism, but the conserved asn-asp-val 111 motif does not. Isoleucine 89 within the N-terminal motif is clearly important for its activity, mimicking the importance of this amino acid in zebrafish and fibroblasts. However, other conserved sites, found in higher mammals but lacking in lower mammals and zebrafish are necessary for full activation of the Sdc4-coupled EGFR and ␣3␤1 integrin, including val-pro-thrx-x-lys-x-leu 106 and iso-pro-lys 114 . In fact, even mS4ED99 -119 retains significant competitive ability despite the fact that the only amino acids within this sequence that are conserved in zebrafish, asn-asp-val, are not required for activity. Clearly, a full understanding of the capture mechanism used here will require in-depth structural work beyond the scope of the present studies.
These findings show clearly that the interaction between Sdc1 and HER2, and between Sdc4 and EGFR are direct. This is an entirely novel interaction for these well-described receptor tyrosine kinases. It is also intriguing that the syndecan extracellular domains capture only their respective kinase from cell lysates, despite the ability of HER2 and EGFR to form heterodimers and the presence of such heterodimers on these cells. This was observed in prior studies in which Sdc1 and Sdc4 were observed to regulate cell migration stimulated by these kinases and in which only HER2 acted in concert with Sdc1 and only EGFR acted with Sdc4 (2). This raises the intriguing possibility that heterodimers comprised of EGFR family members are not capable of associating with these syndecans, or even that the kinases associate with the syndecan as a monomer.
It is interesting to note that both extracellular motifs are juxtamembrane in their respective syndecan. The sequence in human Sdc1, amino acids 210 -240, is located eleven amino acids from the plasma membrane whereas the site in Sdc4, amino acids 87-131, is 14 amino acids from its transmembrane domain. Thus, the interaction sites on the receptor tyrosine kinases and ␣3␤1 integrin may also be juxtamembrane sites. This stretch of amino acids in the two syndecans is near to or contains the sites for attachment of chondroitin sulfate glycosaminoglycan chains (e.g. EXSG 207 and EXSG 217 in Sdc1); although Sdc1 is commonly referred to as a heparan sulfate proteoglycan, it was actually the first proteoglycan shown to be a hybrid, that is, to display both heparan sulfate and chondroitin sulfate chains (41) . The importance of chondroitin sulfate at this site remains largely unknown, although one could speculate given the current findings that its attachment serves to inhibit the interaction with HER2 and integrin, and that its enzymatic removal could facilitate the interactions and promote cell motility. . The extracellular domains of HER2 and EGFR interact directly with Sdc1 and Sdc4, respectively. A, recombinant HER2 ecto expressed and purified from S2 insect cell conditioned medium is incubated overnight with recombinant GST, GST-S1ED with or without SSTN 210 -240 or with GST-S4ED, then the GST fusion proteins are captured on glutathione beads and probed for binding of HER2 ecto . An equivalent amount of HER2 ecto used in the capture assay is shown as input. B, recombinant EGFR ecto expressed in insect cells is incubated overnight with recombinant GST, GST-S4ED with or without SSTN 87-131 or with GST-S1ED, then the GST fusion proteins are captured on glutathione beads and probed for binding of EGFR ecto . An equivalent amount of EGFR ecto used in the capture assay is shown as input.
In summary, the assimilation of receptor tyrosine kinases into signaling complexes with the ␣6␤4 integrin have been shown by a variety of workers to be critical for carcinogenesis (9 -14, 18, 20, 23, 25, 29) . At least in the case of HER2 and EGFR, this assimilation appears to depend on syndecans. The synstatin peptides described here, which prevent capture of the kinase and its stimulation of integrin-mediate motility and cell survival, are potential therapeutics for the treatment of these diseases. showing association of HER2, ␣3␤1 integrin and ␣6␤4 integrin with Sdc1, and their displacement by SSTN210 -240. The ␤4 subunit is phosphorylated in its "signaling domain" by Fyn kinase when bound to Sdc1 and HER2 is activated by clustering of the receptor complex (3). The engagement of ␣6␤4 integrin with Sdc1 is prevented by mutation of Arg-1733 in the ␤4 cytoplasmic domain, which acts as a dominant negative mutant to blocks the HER2-dependent mechanism, as shown by Wang et al. (2) . The model also depicts the association of EGFR, ␣3␤1 integrin, and ␣6␤4 integrin with Sdc4, and their displacement by SSTN 87-131 . The engagement of ␣6␤4 integrin with Sdc4 is prevented by mutation of E1729A in the ␤4 cytoplasmic domain, which acts as a dominant negative mutant to block the EGF-stimulated mechanism (2). The model also depicts the heterodimerization of HER2 and EGFR, which is not affected by SSTN peptides. EGFR homodimerization, or heterodimerization with other family members is not shown.
